This study investigated seasonal and spatial dynamics of the bacterial community in Gokasho bay with denaturing gradient gel electrophoresis (DGGE) profiles of PCR-amplified 16S rRNA gene fragments. The community structure was related to physico-chemical water conditions in the area examined. The bacterial community clustered into three groups: bacteria collected during January-May; those collected from water at the surface in July and September; and those collected from water at the bottom in July and September and from both depths in November. Canonical correspondence analyses indicated that the seasonal variability in bacterial community was associated with water temperature succession. On the other hand, concentrations of particulate organic matter and nitrite plus nitrate were related to the vertical change in community structure in summer and autumn as well as HNF abundance, suggesting that both top-down and bottom-up control affected the community. The influence of salinity was insignificant though bacterial production was related to salinity. No relationship was observed between the variation in community structure and that in hydrolytic enzyme activity. The results indicate that changes in bacterial activity are not coupled with variation in community structure.
Small bays ordinarily have calm seas and high biological productivity. They are important for human activities associated with fisheries and various mariculture enterprises often exist in such areas. These small ecosystems are strongly affected by anthropogenic nutrients and consequent eutrophication. River water is important as a land-derived nutrient source, although other inputs, notably from freshwater sources and the atmosphere, have also been identified 17) . Consequently, it is important to examine water quality, especially around river mouths at bay ends, to maintain healthy ecosystems.
Microbial communities in seawater can indicate eutrophication because they respond quickly and directly to the nutritional state of water 25) . Fingerprinting of 16S rRNA gene fragments such as by denaturant gradient gel electrophoresis (DGGE) has revealed spatial and seasonal variation in the eubacterial community structure in estuarine waters 1, 8, 14, 20, 26, 30, 32, 33) . Additional quantitative studies of bacterial community composition using fluorescence in situ hybridization (FISH) have shown that different bacterial groups dominate marine and freshwater environments 2, 18) . It has been also revealed that a major bacterial group, the SAR 11 clade, is functionally important in DOM flux in seawater 9, 22) . However, it remains unclear how bacterial community structures change.
Bacterial production and enzymatic activities are strongly affected by river water discharge in estuarine seawater 4, 23) . Bacterial community structures are influenced by specific physico-chemical conditions in large estuaries 2, 8, 18) and are related to microbial activities 6, 40) . Environmental conditions in small bays also fluctuate widely, not only according to river water discharge but also according to effects of oceanic water intrusion into the bay 31) . Bacterial communities in such a small bay might have various structures and activities that differ from those in a large river estuary.
This study is intended to elucidate the dynamics of the bacterial community structure of a small bay and how environmental factors relate to the variation in community structure. In addition, we examined hydrolytic enzyme activities in seawater, but found no obvious relationship with bacterial community structure.
Materials and Methods

Study site and sample collection
Gokasho Bay faces the Pacific Ocean in the central part of Japan (Fig. 1) . Oceanic seawater often intrudes into the bay because a branch stream of the Kuroshio Current runs near the bay's mouth 31) . The discharge of river water is rather slight and the salinity of water of the bottom is usually greater than 33, even at the bay's end. Numerous mariculture rafts float in the bay. Mainly, pearl oysters are cultured in the eastern areas of the bay and fish mariculture is conducted in the western areas.
Sampling stations were established in the eastern part of the bay at the river mouth (Stn. The samples were transferred into acid-cleaned and sterilized polyvinyl chloride bottles, transported to the laboratory under cool and dark conditions, and processed within 2 h of collection.
Physical and chemical parameters
Water temperature and salinity were determined onboard the research vessel using a CTD system (Alex, Kobe, Japan). Dissolved nitrogen was determined as total dissolved nitrogen (TDN), including both dissolved organic nitrogen (DON) and dissolved inorganic nitrogen (DIN), using a TN analyzer (TN-05; Mitsubishi Kasei, Tokyo, Japan). Ammonium, nitrate, and nitrite concentrations were determined using standard colorimetric techniques 35) ; DON was calculated by subtracting the sum of nitrate plus nitrite and ammonia from TDN. Dissolved organic carbon (DOC) concentrations were measured using a TOC analyzer (TOC-5000; Shimadzu, Kyoto, Japan). Particulate organic carbon (POC) and nitrogen (PON) concentrations were measured using a CHN analyzer (EA1110; ThermoQuest, Tokyo, Japan). The chlorophyll a (Chl. a) concentrations were measured using the N, N-dimethyl formamide extraction and fluorescence method 37) .
Microbial parameters
For the bacterial and heterotrophic nanoflagellate (HNF) quantification, samples (30 mL) were preserved using glutaraldehyde (final concentration, 5%). Bacterial and HNF abundances were determined using epifluorescence microscopy in DAPI-stained samples collected on 0.2-μm black Nuclepore filters 28) . Duplicate filters were prepared for each sample; more than 400 cells for bacteria and 50 cells for HNF 42) were counted per filter. To estimate bacterial extracellular hydrolytic activity, we measured the potential activity of two enzymes: leucine aminopeptidase (LAP) and β-Dglucosidase (Glc), which are responsible for the hydrolysis of predominating organic constituents in the dissolved organic carbon pool, i.e., β-linked polysaccharides and proteins 5) . LAP and Glc activities in the sample were determined respectively using fluorophore-labeled analog substrates: L-leucine 7-amido-4-methyl-coumarylaminide (leucine-MCA) and 4-methylumbelliferyl β-D-glucoside (MUF-β-glucoside) 15) . Each analog substrate was added to duplicate water samples at a final concentration of 100 μM and incubated for 30-60 min at the in situ surface water temperature. The increase of fluorescence was measured using a spectrophotometer (RF-5300PC; Shimadzu) at 365 nm excitation and 445 nm emission. Calibration was performed using standard solutions of 7-amino-4-methylcoumarin and 4-methylumbelliferone. Bacterial production was measured by the incorporation of 3 H-thymidine into cold trichloroacetic acid (TCA)-insoluble material as described previously 31) .
Bacterial community structure analysis
To separate particle-associated and free-living bacterial groups, seawater samples were first passed through a 1-μm Nuclepore filter using natural gravity. The filtrate was then passed through a 0.2-μm Nuclepore filter. Both the >1 μm (particle-associated) and <1 μm (free-living) fractions were placed in NET buffer (NaCl, 400 mM; EDTA, 20 mM; Tris HCl, 50 mM; pH 8.0) and stored at −80°C until further treatment. The DNA was extracted following the method of Yoshinaga et al. 41) with some modifications. We added 1% SDS and 0.2 mg mL −1 of proteinase K at final concentrations to the sample, which was reacted at 50°C for 1 h. Chloroform-isoamyl alcohol, followed by phenol-chloroform-isoamyl alcohol, was used for DNA extraction; the DNA was then concentrated by ethanol precipitation and dissolved in TE buffer. Further purification with hexadecyltrimethyl ammonium bromide and RNase A was not done in this study. The quality of extracted DNA was checked by measuring the ratio of 260/280 nm absorption.
The 16S rRNA gene was amplified by PCR with 341F using a GC clamp at the 5' end and 760R 24) . The reaction mixture contained 100 pmol of the primers, 200 μM of dNTPs (Takara, Otsu, Japan), 2 mM of MgCl2, 2.5 units of EX Taq polymerase (Takara) and sterilized distilled water to a final volume of 50 μL. A thermal cycler (PM 500; Takara) was used for PCR with the thermal cycling program as follows: denaturation at 94°C for 10 min, followed by 30 cycles of 94°C for 0.5 min, 61°C for 1.5 min, and 72°C for 1.5 min, followed by a final extension at 72°C for 7 min. The annealing temperature was reduced to 58°C for the >1 μm fraction because amplification was not always sufficient in these samples. The difference in annealing temperature did not affect the DGGE profiles at least in a DNA sample examined preliminarily (data not shown). A DCode TM Universal Mutation Detection System (Bio-Rad Laboratories, Hercules, CA, US) was used for running the DGGE gels with 6% polyacrylamide in TAE buffer with a 30-60% denaturant gradient. In each lane of the gels, 0.5-1 μg of amplified DNA was loaded. Separation of the amplicons was performed for 16 h at 60°C and 110 V. The gel was stained with ethidium bromide and photographed using a UV transilluminator. Selected bands were excised from the DGGE gel and reamplified using 341F (without a GC clamp) and 760R. The amplicons were cloned using a cloning kit (Qiagen TA Cloning Kit; Qiagen, Chatsworth, CA, US); then, 10 clones were sequenced with the primer T7. Sequences were compared to 16S rRNA sequences that were available in the DNA Data Bank of Japan (DDBJ) database obtained from the Center for Information Biology and the DNA Data Bank of Japan using BLAST searches.
Digitized images were processed using NIH image software (National Institutes of Health, Bethesda, MD, US) to measure relative band intensities. A band was defined as an ethidium bromide signal with an intensity of greater than 2% of the total intensity for each lane. Relationships among the DGGE profiles obtained in the same month were inferred using a suite of programs available in the PHYLogeny Inference Package, ver. 3.6 11) . The DGGE patterns were compared using Pearson's correlation as the similarity coeffi- cient and the unpaired group method of analysis (UPGMA) to generate the dendrogram. Community ordination analyses were conducted by correspondence analysis (CA) using all the DGGE band matrices. Canonical correspondence analyses (CCA) were also conducted to investigate the correlations between DGGE band patterns and environmental variables. ADE-4 for MacOS version X 39) were used to conduct the CA and CCA analyses. For CA and CCA ordinations, both DGGE data and environmental variables were log (x+1)-transformed. The environmental (explanatory) variables used for CCA analyses were water temperature, salinity, concentrations of ammonia, nitrate and nitrite, DON, DOC, POC, Chl. a, ratios of POC to PON, and HNF abundance. A dummy environmental variable file with random values obtained using the Monte Carlo method with the SYSTAT 11 software package (SYSTAT Software, Richmond, CA) was used to judge the significance of each environmental variable.
In an attempt to explain the variation in bacterial production caused by environmental factors, stepwise multiple regression analysis was used with the StatView software package (SAS Institute, SAS Campus Drive Cary, NC). Water temperature, salinity, concentrations of ammonia, nitrate and nitrite, DON, DOC, POC, Chl. a, and ratios of POC to PON were used as independent variables.
Results
Concentrations of organic matter and DIN differed greatly among samples for the community structure analysis (Table  1) . DOC and DON concentrations were high near the river mouth and at the surface. POM concentrations were higher in the bottom than surface of the bay in July and September. The DIN and Chl. a concentrations varied greatly and showed no clear trend. Abundances of bacteria and HNF were high at the river-mouth station and surface.
DGGE revealed 8-15 bands (Fig. 2 upper) in the <1 μm fractions. Major bands were often detected continually for a few months. Predominant bands (#1-9) appeared representative of members of alpha-and gamma-proteobacterial groups (Table 2 ). In the >1 μm fraction (Fig. 2, lower) , the bands in DGGE profiles were fewer than those in the <1 μm fraction. Predominant bands were representative of cyanobacteria (#10, 11) or similar to those in the <1 μm fraction (#6-9). Therefore, the particle-associated bacterial community could not be detected separately from the free-living community and subsequent analyses were done only for the <1 μm fraction.
The variation in bacterial community structure in each month was related to water temperature and salinity. In May and July when both temperature and salinity differed between the surface and bottom of the bay, the community structure also differed between the river mouth and the surface (1S, 2S, 3S), and the water at the bottom (2B, 3B) (Fig.  3) . In September, when the water temperature was uniform but the salinity differed between the surface and bottom, the bacterial community structure varied gradually from the surface at the river mouth (1S) to the bottom in the central part of the bay (3B). In March and November, when the water temperature and salinity were rather uniform, the diversity of the community structure was low. In January, when low temperature and low salinity were observed at the river mouth (1S) and surface at Stn. 2 (2S), the community structure was also classified between that at 1S, 2S, and other stations. Bacterial abundance and hydrolytic enzyme activities were generally great at the river-mouth station and at the surface in warm water months. However, no clear relationship between community structure and the enzymatic activities was observed. Very strong hydrolytic enzyme activities were observed at river-mouth stations when the DOC concentrations were remarkably high in July (148 μM) and September (132 μM).
Eigenvalues of the first two ordination axes were 0.780 and 0.314, which respectively explained 25% and 10% of the total variation in species data in the CA (Fig. 4) . Three distinct clusters of samples are apparent in the CA diagram. Samples collected during January-May (CI) were placed at the right side of the plot, although the water at the bottom ot the bay in May had higher scores of Axis 2. Samples taken from the surface in July and September (CII) were clustered in the upper left of the plot. Samples taken from the bottom in July and September and at both depths in November (CIII) were placed below them, having a similar Axis 1 score.
Water temperature is related most strongly to the variation in community structures in ordination axis 1 of the CCA Fig. 3 . Dendrograms drawn from the DGGE profiles of each month, water temperature, salinity, bacterial abundance, and hydrolytic enzyme activities in the water samples. ( Table 3 ). The concentration of POC is related most strongly to the variation of community structure in ordination axis 2. The nitrite plus nitrate concentration and HNF abundance also had high scores. Each bacterial community collected during January to May (CI) was placed gradually from the right side of the plot along ordination axis 1 in the CCA plot (Fig. 5) . During May-September, they were distributed rather vertically. The water samples from the surface in July and September (CII) and the bottom in May were placed in the lower left of the plot. The samples from the bottom in July and September and all water samples in November (CIII) were placed in the upper left of the plot. The temperature vector was directed to the left along ordination axis 1, indicating that the seasonal variation was related to water temperature. The POC and nitrite plus nitrate (NO2+3) vectors pointed upward and the HNF vector pointed downward, indicating that high concentrations of POC and/or nitrite plus nitrate, and low abundance of HNF were related to the bacterial community CIII; the opposite indications were given by the bacterial community CII and water from the bottom of the bay in May. The bacterial production rate was high at the surface in summer and low at all depths in winter (Fig. 6) . The values of environmental variables in the water were similar to those collected for the community structure analysis (Table 4) . Water temperature (the standard regression coefficient: β=0.46), salinity (β=−0.53), and the nitrite plus nitrate concentration (β=−0.27) were the dependent variables that best explained the variation in bacterial production in the stepwise multiple regression analysis. The square of the adjustment multiple correlation coefficient was 0.66.
Discussion
Bacterial community structure in Gokasho Bay showed a seasonal succession pattern in this study. Previous reports have described seasonal variation in bacterial community structure in estuarine seawater, but have discussed the variation in relation to primary productivity or nutrient supply 13, 15, 20, 27) . The CCA analysis undertaken for this study indicated that water temperature is a major environmental factor associated with the seasonal variation in community structure, but POC and nitrite plus nitrate concentrations were associated with vertical variation in the stratified season (Table 3) . Water temperature is a major environmental factor affecting microbial production and growth in estuarine seawater 34) as was the case in this study area. Bacterial species adapting physiologically to ambient conditions might grow faster and become dominant in different seasons. On the other hand, many studies indicated that bacterial community structure changed with salinity in estuarine waters 1, 2, 8, 18, 40, 43) or sediments 19) . However, salinity did not affect the variation in bacterial community structure much in this study area though bacterial production was related to salinity as well as water temperature. In such a small bay, the influence of river water discharge seemed not strong enough for a unique bacterial community to develop.
Physical seawater dynamics seemed important to the variation in bacterial community structure in the area studied because it differed with the seawater temperature-salinity profile. Crump et al. 8) reported that a unique estuarine bacterial community formed when the average doubling time was much shorter than the water residence time in the Parker River estuary. Although river water discharge seemed not to affect the variation in bacterial community structure in the area examined here, seawater was exchanged actively between Gokasho Bay's interior and exterior. The water residence time in this study area was estimated as 5-6 days in the summer and 1-2 days in the winter using a box model analysis calculated from the salinity balance (Abo, personal communication). The mean bacterial doubling time was also calculated as about 1 day in summer and 2-3 days in winter using an ordinal conversion factor of 2×10
18 cells mol −1 thymidine incorporated 9) . These results suggest that bacterial growth was faster than water exchange in summer. Consequently, the community structure shifted in accordance with environmental factors such as the POC concentration. On the other hand, the short water residence time relative to bacterial growth in winter suggests that the bacterial community was derived from outside of the bay.
The bacterial community at the bay's bottom in May more closely resembled the warm water season community (CII), although the water temperature was lower than that at the surface. The inconsistency might be explained by water movement patterns if the bacterial community was derived from outside of the bay. Seawater from outside of the bay intruded into the bay gradually through the bottom layer during the stratified season. In addition, a phylotype having a similar sequence to that of an α-proteobacterium, Pelagibacter ubique, was observed in water from the bottom in May (Band #1 in Table 4 ). Pelagibacter ubique is the only isolate included in the SAR 11 clade that is an extremely abundant bacterial phylogenetic group in the ocean 22) . Both bottom-up and top-down effects are important considerations when discussing mechanisms that control the bacterial community in seawater 38) . During the stratified season, both were chosen: particulate organic matter and nitrite plus nitrate concentrations suggested bottom-up effects; HNF abundance suggested top-down effects. The POC concentration more strongly influenced community structure than did DOC, which is used directly by the free-living bacterial community. A major ingredient of POC is phytoplankton, whose community composition is related to shifts in the bacterial community structure 30) . In addition, prefered substrates vary among phylogenetically different bacterial groups 9, 22) . The POC concentration probably reflects the organic matter that is available for bacterial communities. The contribution of nitrate plus nitrite would explain the microbial community fluctuation because estuarine water is generally a nitrogen-limiting environment. Nevertheless, some reports indicate that phosphorous is the limiting element for microbial communities in some cases 2, 3) . Effects of phosphorous on population dynamics remain to be elucidated.
In seawater, HNF is a major bacterial consumer. It has feeding selectivity depending on the bacterial species 36) . Some mesocosmic studies have shown that HNF can strongly affect bacterial community structures 16, 21, 29) . Elifants et al. 10) suggested that the bacterial community is not controlled solely by bottom-up factors because the relative bacterial abundance of a group and the fraction of bacteria that actively assimilated organic substrates did not correlate in the Delaware Estuary. Viral infection is responsible for bacterial mortality in addition to bacterivory 12) ; both might be related to the bacterial community structural change, but we did not examine them in this study.
The relationship between bacterial community structure and microbial metabolic activity in seawater is not well understood. This study found no relationship between hydrolytic enzyme activities and community structure. Levels of hydrolytic enzyme activities were high at the river-mouth station, where organic matter concentrations were high (Fig.  3) . The finding suggests that the metabolic activity of the bacterial community was related to the abundance of organic matter rather than the type of community structure. The particle-associated bacterial community might have shown a stronger relationship with hydrolytic enzyme activities 20, 29) , but no variation in this community was detected in the present study.
In summary, the bacterial community structure in the river-mouth area of Gokasho Bay varied seasonally in accordance with the change in water temperature. The physicochemical water conditions in the area examined appeared to be related to the pattern of seasonal variation. Concentrations of particulate organic matter and nitrite plus nitrate were related to the vertical change in community structure in summer and autumn as well as HNF abundance, suggesting that both top-down and bottom-up control affected the community structure. Microbial activity seemed not to couple with variation in community structure, suggesting that bacterial activity and community structure respond differently to environmental impacts.
